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STUDIES ON THE STRUCTURE OF RUBRERY POLYURETHANES

INTRODUCTION

This report summarizes some of the results obtaiﬁed during the initiel
stages of work on the structure and properties of rubbery polyurethanes.
This work was undertaken, at first, as a limited effort to supply datsa
necessary for interpreting the results being obtained on the permeability
behavior of structurally controlled samples. However, it was realized
subsequently that there were certain unresolvéd guestions concerninrg the
structural organization of the polyurethanes which were important %o an
understanding of the mechaﬁical as Weli ;s the permeability behavior and
the scope of the effort was expanded accordingly.& This report has been
organized both to summarize data on characteristic parameters that are

of general interest and to present some preliminary interpretation of the

results in terms of polyurethane structure.

A, Transition Temperature Measurements

The determination of transition temperatures in polyurethanes has
been carried out primarily in terms of the mechanical test methods.(l).
Such measurements have identified the presenée of two transitions in
rubsery polyurethanes; a transition occurring bglow roon temperature
associested with vitrification of the sample and a second transition
occurring above lOOO C where the elevated rubbery plateau modulus under-

goes a sharp drop. This behavior is illustrated by modulus temperature



curves for two polyester based samples, taken from work by Cooper and
Tobolsky (Fig. 1) (2), which will be discussed more fully later.

Veluwme~temperature ﬁeasurements have also been used for determining
-the low temperature glass transition (3). However; the calorimetric
methods have not been used to examine the thermal transitions except in
the highest tempersture region where a study of decompositidn behavior
has been carried out by combined differentiel thermal analysis (DTA) and
thermogravimetric avalysis (TGA) (4%). Perhaps the use of the calori-
metric methods to explore a wider temperature range of Eehavior in the
polyurethanes has been discouraged by the repdfted absence of any dis-
cernibie low temperature glass transition using DTA (5).

The'limitation of DTA was also noted in some early runs on a polyester
based polyurethane in the current work. Therefére, the penetrometer or
thermomechanical analyzer.(TMA) has been used to explore transitionsl be-
havior at low temperatures and the differential scanning calorimeter has
been uced at room temperature and above. The combined results have proven
to be especially useful in defining the various mechanical and associated
thermal transitions that can be found in the polyurethares.

(1) cemples

A series of structually controlled laboratofy grade samples were
supplied by the Mobay Chemical Company. The composition of these samples
was 2.2 moles MDI, 2 moles of 1,4 butanediol and 1 mole of prepolymer of
molecuiar welght 2000 whether polyester or polyether., The polybutyleae
adipste (PBA), polytetramethylene oxide (PTMO), polypropylene oxide (PPO)

and polyethylene oxide (PEO) based polyurethanes were all supplied as

(2)
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cured 50 to 7O mil sheet. In addition a semicured 30 mil and a "green”
completely uncured PTMO sample were available.

In support of the-work on water vapor permeability thermal transitions
were clso measured on several commercial samples of incompletely specified
composition. The Estane'samples 57L0-0T70 and 5740—100 are polyester based
eiastomers reported to contain 1,k butanediol, MDI and a low molecular
welght polybutyleneédipate, with about 39% MDI in-070 and 32% in-100 (2).
These two samples are of particular interest since modulus temperature
data has been published (2)° The Estane sample 5TL0-140 and du Pont sample
ILD-550 are both polyether based elastomers prébably containing polytetra-
methylene oxide. The Estane samples 57#0 ~70 and 57L0-140 were provided
as cho oope ed mauerial in approxamately -one eighth - inch cubes and the

Estane STMO—lQO and the du Pont LD-550 were 61to 10 mil films.

(2) ™A Measurements

The panetrometér module obtalnable as an accessory to the du Pont
DTA Instrument provides a rapid mechanical_teét method for determining
The location of thermal transitions, including the low tempsrature trans-
ition. Since the displacement of the weighted probe with increasing
temperature depends on the opposing effects of volume expansiorn and the
dror in modulus which occurs in a transition region, the location of the
tranzition depends on the sample dimensions, choice of heating rate and
on the load of the probe. These several factors were Investigated and

standard conditicns involving sample thickness of 1/16" or greater, a



heating rate of 5° C/min., and 5 to 20 g. probe loadings were used. In
general; the runs were repeated from three to five times since there
was considerable variability in the location of the transition temperature

even though a marked transition was observed in each run.



TATLE T

n

TRANSITION TEMPERATURES OF VARICUS

POLYURETHANES (PENETROMETER DETERMINATION)

SANPLE 74,°C 50% T, 90% T3,OC
CONF.,°C CONT., C
Polystyrene 91.8 2,0
Neoprens ~46,2 3. 28 116
Polyester
Bagsed PU:
Estare 57L0-070  -12.8 1.6 59.7 2.1 (-)
. + : +
Estane 5TL0-1C0 -18.0 “2.h 60.2 -2.7 (-)
+_ +
Mobay PRA -b5.2 -3.3 LE.L -3.3 (-}
Polyether
Based FU:
Mobay FEO -48.,5 2.1 55 .k -6,k (-)
en
Mobay FPO k9.7 23.5  65.3 2.0 (-)
Vobey PTMO ~85.0 2.9 56.0 25.0 153
+ +
du Pont LD-550 -60.0 -2.0 -3.8 120
+ +
Estane 5740-140 ~51.h 22.0 67.7T -2.1 (-)

()
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& representative temperature displacement curve for the Mobay FEIO
scmple 1s shown in Figure 2, and the results obtained on the various

polyurethane samples are tabulated in Table I. It should be mentioned

hat these sumnles were not dried prior to the determinations. There
is some evidence that in samples saturated with water T~ 1s displeced oy
e -’)O 2 . o
about 2°C to lower temperatures but To is unaffected.
All of the polyurethanes display at least two transitions, one
. - o . o
occurring well below O C (Tl) and a second (Tg) in the range 50 to 70°C
with the single exception of LD-550. This series of measurements was not
- o 2
extenced above 1007C except for two of the samples, LD-550 and PObaJ PIi0
oth of which display a high temperature transition (T3)° Since a trans-
ition in this temperature range is commonly observed in the DSC results
repcrted in the section which follows, very likely a transition temperature
. o} . .
occurring well above 100~ would be found in the other samples as well if
The DA measurements were extended to higher temperatures.
I ™ 7
{3) D2C Results
£ numper of the samples were alsc run on the Perkin Elmer DSC in-
. , © 20A0° s . . .
strument over the range 40 C to 300 ¢ cormonly using scenning rates of
10 degg/minn These samples were first dried 16 hours or longer in a
O - . . e S 2.
vacuum oven at 50 C and single discs which closely fit the samole cup were
cut from the films. Typical scans for the Mobey PIMO and Estane PBA
(5740-100) samples appear in Figure 3. The observed transition tempersiures
are sunnarized in Table IL. An indication of the appearance of the trans-

ition iIs given by numbers next to the transition temperature which

C’“

corrzspond O examples sketched below the table. In general the higher

the number the more marked the transition.



TABLE IT

TRANSITION TEMPERATURES FOR SEVERAL POLYURETHANES
(DSC DETERMINATIONS)

Q AT ‘ o o
S 4VPIE T,, C T, TM,OC 7,%
>0lyether 2U:
(1) iiobey PTNO 82 (3) 152-153 (3)  207-209 (6) (-)
30 Mil Cured Fl;m A :
(2) Mobay PTMO 81-83 (3) 162-163 (1)  203-209 (5) (-)
7<10 Mil Compression .
Molded, Green Stock
(3) Mobay PTHMO 80-83 (1-2) 163-4 . (1) 195-200 (5) (-)
Green Stock :
(k) Bovene 5(Lo x 10 o 90-92 (L) . 1s2-k (1)  203-205 (3-k)
Sections From Cubes (170 2) :
Polyester DU
(1) Mobey PBA 82 (3) 210 (3-it)
12-15 ¥il Film 167 (1-2 )
(2) Estere 5740-100 79 (1) 155-156 (1) 250-260 (1)
10-12 ¥il Film
(3) Estane 5710 83-86 (1-2) 150-160 (1)
Secticons From Cubes ‘
(4) Bstane 5707 86 (2) ( Smeared out Transition ) 200° ¢ (2)
Secticns From Cubes : Range 125-140° ¢

(Ta)
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XEY FOR APPEARANCE QOF TRANSITLON

weak bult definite change in clore
sharper change in slope
weak base line displacement

strong base line displacement

~ﬂn-“””ﬂwﬂﬂnh‘\\\--mm weak distributed endothermic

i

narked endothermic peak



There appear +to be three characteristic transitions which occur above
room temperature. The 30 mil Mobay PIMO sample displays a pronounced trans-
ition at 152-30C whiéh corresponds precisely with the transition temperature
observed By TMA. All of the other samples display a transition (by DSC) in
broadly the same temperature range, 140 to 170°C. In addition all of the
samples display a tranéition at 80 to 9OOC, and it is tempting to identify
these with the T2'transition revealed at QOOC lower temperatures byvthe TMA,
There are also transitions in almost all samples near or above QOOOC. In
the Mobay PTMO this appears as a fusion peak rather than a displacement in
heat capacity.

In addition there are variable and sometimés highly irregular peaks
occurring at still higher temperature, manifestations of sample degredation,
most of which are not reported.

B. Optical Analysis of Structure

1. Visual appearance

A1 of the 50 to 70 mil Mobay pélyether based polyurethanes showed
turbidity. The PEO was the least'£urbid, the PPO showed appreciably more
turbidity but the 30 mil film and green stock were milky. In contraét the
10-12 mil Mobay PBA sample is clear and even 100 mil thick samples of the
Estane 5TL0-0TO and -100 samples were essentially clear. Part of the
scattering in the thick sheets was due to surface scattering but even under
conditions where this is minimized there is a high level of bulk scattering
especially evidenf in all the Mobay PIMO samples. The turbidity indicates
that variations in intefnal structure are present'which give use to fluctu-

atioﬁs in refractive index on the scale of the wavelength of visible light.

(8)



This turbidity could result from microscopic voids formed perhaps Trom
moisture present during synthesis. The scrupulous attention civen to the
exclusion of moisture during the synthesis and casting and the clarity of
the Mobay PBA film suggest that the turbidity in the polyethef semple ic
not in fact due to microvoids but to inherent.structural entities.

2. Optical Microscopy

Polyether_samples were compression molded to obtain {films of T7-10
mil thickness for examination by polarization optical microscopy. AT high
magnification (600 x) well separated birefringent spherulitic structure up
T
to 8/L in diameter were observed. The use of.a Kofler not stage showed
that extinction (between crossed polarizers) of these structures occurred

at about 205° C.

3o Light Scattering Measurecments

Light scattering measurements were performed on films coated with
immersion oil and sandwiched between cover slips to minimize surface

-

g. Patterns were photographed using a low intensity gas laser

o - - - ] - - - -
souxrce {632A ) and photometric determinations were made using a Brice Phcenix

photometer with suitably narrowed collimating and receiver slits.

Measurements were at first performed on the 30 mil Mobay film and on
the T7-10 mil compression molded films but owing to the extremely hizh level
of turbidity in these samples the scattering beshavior was dominated by the
depolarization arising from secondary scattering. In no case was there
any evidence of the typical spherulitic scattering patﬁern that might have
been expected from the microscopically observed birefringent regions.

Zelieble measurements were finally carried out on a very thin (1 mil)

(9) :



solubion cast fiilm. This film was free of
irregularity oboscerved under the microscope
The H¥ scattering (measured with polarizer
amounted to about 15% of the Vi scatiering

over the range of

scattering angles from 5°

any evidence oi the curfuce

in other thin solution cunt filmo.
vertical and analjzer horizontal)
(analyze? and polarizer vertical)

to 40°. This indicates that

gbout 20% of the scattering is due to orientation fluctuations and 80% to

fluctuations in densitye.

A Fourier inversion of the scattering data re-

vealed that appreciable correlations in density and orientaticn persist to

distances of well over 1 micron.

sity correlation functions are completely superimposable both types of

scattering arise from the same structure.

Since the relative orientation and den-

3

It can also be concluded that

the contribution of secondary scattering is negligible., There is evidence

that the correlation function can be resolved into two distinct regions

and the results will be submitted to further analysis to determine whether

such an interpretation is warranted.

.

)

4, Strain - Optical Coefficient

The birefringence 4 was determined at 25° C.
« at low elongations for the Mobay PIMO and PBA samples.

sumrarized in Table IIT and compared with reporved values for natural

and polyethylene.

(10)

As a function of strain

The results are

rubber



SUMMARY OF OPTICAL - MECHANICAL

SAMPLE
Mobay PTMO (1)

(1)

Mobay PBA
4 o (2)

Natural Rubber

Poiyethylene (2)

(1) Measured values

(2) Literature values

TABLE ZIII

B (kg/en? ) AJ€ x 10°
95 1.29
157 2.4
(10)° (.2)°
150%10° 3

(3) Devends on degree of crosslinking

(12)




It i3 evident that the strain optical coefficient 4/ is closer to
the value of polyethylene than to that of natural rubber and even higher
in the clear polyester than in the turbid polyether sample. This could
be intrepreted as indicating that the birefringence in these polyurethane
samples arises from the orientation of anisotropic structural entities,
s in polyethylene, rather than from molecular chain orientation as in
naturzl rubber.

‘ However, the stress optical coefficients 4 /7 for béth polyurethane
samples are in the same range as that of natural rubber. The correspond-
ence in 4/¢ , in contrast to ao/¢c values, is dﬁe to the higher modulus
values of the polyurethane samples.

5. X-ray Diffraction

The x-ray diffraction pattern of the unoriented Mobay PBA as
well as the PTMO sample showed only an amorphous halo. The polyether at
ar extension ratio of 4.5 showed a crystalline pattern consisting of
three prominent but diffuse equatoriel maxima. The weaker layer line
spacings present in oriented crystalline polytetra methylene oxide (6)
were absent in the oriented polyurethane sample. The polyester sample
at an extension ratio of 3 showed two diffuse equatorial maxima and,
agein, no evidence of layer line spacings. No patterns were taken of

samples at any other extensions.

(12)



DISCUSSION

The multiple thermal transitions observed in the polyurethancs are
evidence of discreet changes in the structural organization and perhaps
in mqlecular structure that cccur with increasing temperature. Evidently
Tl is the vitrification ﬁemperature or low temperature glass transiticn
that has also been observed by mechanical and volume expansion measure-
ments (1,3)° Since'Ti increases with cdncentration of the aromatic
diisocyante (3) it is difficult to make comparisons of these results
with otﬂers reported in the literature. However, the values for the Two
polyester based Estane samples compare favorabiy with values of -10°C
for 5740-70 and —23OC for S5TL0-100 estimated from the modulus temperature
curves obtained by Cooper and Tobolsky (2). furtherncre, the trend of
Tl values for the polyethers is consistent with Dickinson's observation
that PTMO based samples have the lowest Tg while the 'I‘\g values Tor the
other two polyether based samples are similar but substantially highcr
(7)., The relative values of Tg for the three Mobay polyether samples,

g
however, diZfer from the temperature of the meghanical loss peak at
1 ¢/s reported as -55°C for PEO, -60°C for PPO and -7L°C for PTMO, all
determined on high molecular weight polyether samples (8). The aiifer-
ences are not unidirectional. They might be due to several factors
inciuding: (1) the influence of crystallinity on the Tg of the poly-
ethers; (2) the effect of low prepolymer molecular weight on the Tg oT
PTV0 nmeasured by TMA and PPO - determined by extrapolation to zero
urethane content ( 3 ); (3) infiuence of the aromatic urethane regions.

ke

_ o] ~ .
Tne trensitions identified by TMA at 50-60C (TZ) and by DSC at

(13)
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T5) and at 1L0-160°C (T3) are more difficult to assign. Since
there is no transition observable by ISC from 40 to 80°C ana correspond-
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ingly no transition found by TMA from 60 to 100°C it seems logical o

-

conclude that, in fact, the T, transition observed by D3C is the counter-
part of the T2 transition revegled by TMA but shifted —EOOC, ﬁerhaps as
a result of the decline in modulus with temperature which occurs even
over the plateau reglon of the mechanical data. However, even with this
simplification the problem remains that there is no evidence in the

&

nechanical aata for any transition occurring over the temperature ran

5
50-9000 which in fact, corresponds to almost the middle of the rubbery
plateau regicn (2}. Further evidence on the nature of this transition
will be discussed after considering the transition T3.

On first consideration the assignment of T3 appears uncomplicated.
The sharp decline in the elevated rubbery modulus of the polyurethanes

usually occurs in the range orf T As an example, Cooper and Tobolsxy's

3
data on the Estane samples are consistent with a transition temperature
2 ~A0 . . - - . .

above 120 C while the transition temperatures of the Mobay polyester
. - . o N -

sermples which he studied occur somewhat above 150 C. The nature of this
transition remains controversial. 7The transition has been discussed in
terus of & dissociation of the strong secondary bonding forces between
arcratic urethane regions of the chain., These interactions are re-
spousible Tor many of the properties which distinguish polyuretihane
elestorers from covalently crosslinked rubbers including reversible

A it s s . \ o o P s a -
elasticity in linear and therefore thermoplastic polymers and acvan

tegecus mechanical and ultimate properties. The bonding has commonly

L=l

' (1k)



been asceribed to pairwise inmtermolecular hydrogen bonding (9,10). iore
reeently Cooper and Tobolsky have suggested that an associsbhion of “he
and hard segments of the polyurethane chains occur in anslopgy with
the behavior or styrene-isoprene block copolymers. . In thisz latter
system specific iInteraction forces are clearly of less importance then
the corgsnication of the styrene and iscprene segments into regions large
enough To gilve rise to two distinct glass transitionsf It is clear Zron
helr wmodel that Cooper and Tobolsky regard TQ as the glass transition
3

concerned with the aromatic urethane segments,

fowever, there 1s evidence that an alternative assignment for T is
more anbrosriate. It has been suggested that T3_corresponds to The
temperature et which allophonate bond gissociation occurs (ll). In keep-
ing witn thils explsnation i1t has been roted that below about 150° C the
polymer acts as though it were lishtly crosslinked ;ince an irregular
extrudate is produced but above lSOO Ca smoéth vniform extrudate is

obteined (1l1). I% has alfno been noted in the current work that this

cx (see Table II).

ct
H
)
3
[ ]
l 4
ot
} -}
O
8]
=
n
1G]
)
o]
[
—t
i
o
ct
=z
:
[0}
Lo
P
s
C
=’
(]
@
H
[
[
=]
T
&
O

Zf the assignment of T, as the temperature of elliophonate bond

3

dicscclation is correct then T2 can be icdentified as the transition vhich

3 2 ; rm

represents the dissociation of a secondary bonded network. This 1s ¢

]
B
i

sistent with The dissocilation temperature of low molebu¢ar welght urethanes
5 ) o i % B - Y T A P leln - s 1 o - o PRI " ar

(11). There is still the need %o zccount for the abscnce of un equaily

aisvizcy mechanical transition at Ié. Perhaps this 1s a result of a

gradua. softening btelow the transition, as evidenced by the decline of

the meaulus and, additionally, the persisteance of polar interactions



Fipally, at is a transition especially prominent
2>

in the PTM0 sazmple. Although this is approachihg the temperature ol
urethzne bond disscoclation (4,12) the transition in PIMO is delfinitely
connecsed with the spherulitic regions which melt out at this temperature.
These algh relting “eglona are probably composed of aromatic urethanc
seguents which have crystallized as the resuivs of association either in
the intsct polymer or following some chein scission under molding co
ditions. The high temperature appears con 51steht with the ZEOOC nelting
point reported for the urethane Tormed Irom m-toluenedilsocyanze and

hexsnethnylene glycol (13).

It is not expected thet there woula be any

contrivution to the X-ray pattern from these regicns since the concen-
tratiorn, estimated from the heat of fusion per gram reported Tor polymers,
is only about 1-5%.

T

E¥e

hi

value of the strain optical coefficient reported in Table IIT

o

@

ccincides with the nigh modulus for these elastomers and 1t appears that
this ceornot in itself be taken as evidence for domain structure any more
tren <he wodulus velues. Fowever, if proof of such domain structure can
be cbizined then the sitrain optical co;fficient in conjunciion with oond
TO'“"_uabi-~Eleg for the coanstituent groups might yleld some further

+tion about internal organization.
The onset of crystallinity with sample exvension irdicates that this
o= must be taken into account in understanding the stress-strain

—
[
O
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curve ond the ulsimate tensile properties for these polyurcthanes.
orerences have been made to the occurrance of crystalliniity

in colyaretnunes with high molecular welgav polyether or polyester

zaling

o

s mamea (1Y) Ehene does s PR e
seguents (L&), there does not appear 1O be any puviishcd work

with <he effect of orientaticn induced crystallinity on th mechanicel

O
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